Despite the many advances in poultry processing antimicrobial treatments, the addition of chlorine in the immersion chiller remains the predominant means of minimizing Salmonella cross-contamination among carcasses within the chiller. The FSIS policy regarding levels of chlorine for use in the chiller states that potable water used to initially fill the prechiller, chiller, or red water system may contain up to 50 mg/kg of free available chlorine at intake (influent; FSIS, 2012). Levels higher than 250 mg/kg have been shown to react with organic material and have the potential to produce possible human carcinogenic organochloride compounds (trihalomethanes), creating an unsafe product for consumers (Masri, 1986; Schade et al., 1990; Haddon et al., 1996) . However, Klaiber et al. (2005) reported negligible trichloromethane formation in the washing water after carrots were washed in cold (4°C) chlorinated (204-214 mg/kg of free chlorine) water and up to 0.2 mg/kg of trichloromethane was detected when washing in warm (50°C) chlorinated (190) (191) (192) (193) (194) mg/kg of free chlorine) water. After storage for 1 d, the trichloromethane recovered for shredded carrots washed at 50°C was 2.5 mg/kg and below the level of detection for carrots washed at 4°C. The bactericidal effects of chlorine and iodine-based compounds, in particular hypochlorous acid, are numerous and the most significant microbicidal halogens in use (McDonnell and Russell, 1999) such that chlorine in food processing industries remains widespread.
Numerous studies have evaluated factors affecting microbial contamination of poultry carcasses in relation to chilling systems (Thomson et al., 1974; Mulder et al., 1976; Allen et al., 2000; Yang et al., 2001; Cason et al., 2004; Buhr et al., 2005; Smith et al., 2005; Northcutt et al., 2008) . other studies have evaluated the efficacy of chlorination of poultry chiller water in improving microbiological quality of broiler carcasses (Mead and Thomas, 1973a,b; Thomson et al., 1979; Tsai et al., 1992) . Foodborne pathogenic bacteria continue to evade processing intervention strategies and reside in/on the final raw product despite the use of chlorine and other antimicrobials in commercial poultry processing establishments through stringent sanitation programs, spray cabinets, and chilling systems. Simmons et al. (2003a) compared Salmonella recovery using both whole carcass rinse (WCR) and whole carcass enrichment (WCE) methods and determined that WCE exceeded WCR in estimating Salmonella prevalence on retail broiler whole carcasses. It was further reported that Salmonella was detected in >34% of the carcasses at the retail level based on WCE procedure (Simmons et al., 2003b) .
The purpose of this experiment was to determine the effectiveness of a high concentration of chlorine exposure through whole carcass drenching on the recovery of total aerobic bacteria, E. coli, and total coliforms using WCR, and Salmonella using WCE.
MATERIALS AND METHODS

Chlorine Solution and Broiler Carcasses
Experiment 1. on each of 3 replicate days of sampling, a 500 mg/kg chlorine stock solution was prepared with distilled water and sodium hypochlorite (6.25% household bleach, Clorox Ultra, 6.25% Sodium Hypochlorite, Clorox Co., oakland, CA). A calculation was performed to determine the amount of chlorine to add to the water, and a chlorine test kit [Chlorine 2 (model I-2001) single analyte meter and Chlorine 2 Vacuvials (R25130), CHEMetrics, Calverton, VA] was used to measure the resulting free chlorine level, based on the colorimetric (N,N-diethyl-p-phenyldiamine, DPD) dye reaction, for the stock solution as well as the residual free chlorine level from the chlorine rinsates after drenching each carcass. We have used the term carcass drenching to indicate that each carcass is exposed to a fixed volume (400 mL) of chlorinated (500 mg/kg) water for a fixed time (1 min) in a plastic bag, in contrast to carcass rinsing where the carcass rinsate is collected for bacterial analysis but the rinse would not contain an antimicrobial, or carcass washing or flushing where a high volume of the wash solution containing an antimicrobial flows over the carcass and is not collected. The chlorine meter included with the kit was zeroed before testing each batch of samples.
A total of 71 carcasses (replication 1, 23 carcasses; replication 2, 30 carcasses; and replication 3, 18 carcasses) were obtained from a commercial processing plant after evisceration but before the final carcass washer or any antimicrobial treatment. Carcasses were removed from the processing line and placed into coolers and transported to the pilot processing plant. In advance of the experiment, 1% buffered peptone water (BPW; Difco Laboratories, Detroit, MI) and distilled water rinses were prepared for use in 450 and 500 mL aliquots, respectively. Before treatment, the carcasses were inspected for any residual viscera, the necks were removed, and thoracic inlet opened. Carcasses were exposed to 1 of 3 treatments. For the first treatment, carcasses (replication 1, 10 carcasses; replication 2, 10 carcasses; and replication 3, 6 carcasses) were drenched in a 500-mL solution containing 500 mg/kg of chlorine (80 mL of 6.25% bleach in 10 L of tap water). Each carcass was placed in a clean plastic bag with the chlorine solution and manually shaken for 1 min. After shaking, carcasses were removed from the bag and the drench solution tested for residual free chlorine. To diminish residual chlorine on the carcass or in the bag, carcasses were transferred to a new bag, 500 mL of distilled water at 4°C was added, shaken for 1 min, and this rinsate discarded. Carcasses were then transferred to a third new bag; 450 mL of 1% BPW at 4°C was added and shaken for 1 min. Fifty milliliters of this rinsate (WCR) was removed for microbiological analysis and the carcasses along with the remaining 400 mL of BPW were incubated for 24 h at 37°C for Salmonella recovery (WCE).
A second treatment (water) was performed in the same way as the chlorine treatment; however, no chlorine was added for the drench and 3 new plastic bags were used for each carcass (replication 1, 10 carcasses; replication 2, 10 carcasses; replication 3, 6 carcasses). Instead, the water drench consisted of 500 mL of distilled water at 4°C (which was discarded). A second rinse was performed with 500 mL of water at 4°C (which was discarded) followed by a final rinse of 450 mL of BPW. As before, 50 mL of the final rinsate from WCR was collected for microbiological analysis (APC, E. coli, and TC). The carcasses with the residual BPW were finally incubated at 37°C for 24 h for WCE assessment for natural Salmonella prevalence.
For the third treatment (control), only a final rinse of 450 mL of BPW was performed (replication 1, 3 carcasses; replication 2, 10 carcasses; replication 3, 6 carcasses). As before, 50 mL of the final rinsate from WCR was collected for microbiological analysis for (APC, E. coli, and TC). These carcasses with the residual BPW were also incubated at 37°C for 24 h for WCE assessment for natural Salmonella prevalence before any drenching or rinsing.
Experiment 2
For the first experiment, the high pH of the chlorine drench solution was not anticipated before use and was approximately 10. Typically, chlorine solutions with this high pH range have low hypochlorite ion (free chlorine) concentration and therefore the bacteriocidal efficacy is minimal. Subsequently, in experiment 2 the pH of the solution was adjusted to 7.0 before drenching carcasses to optimize the bacteriocidal properties of the hypochlorous acid. This was achieved by preparing the stock solution as in experiment 1 with the modification of adjusting the pH with 1 to 2.5 M hydrochloric acid incrementally and adding additional sodium hypochlorite, when necessary, to achieve the final pH of 7.0 and concentration of free chlorine at 500 mg/kg. Adjusting the pH of the stock chlorine solution was the only difference between experiments 1 and 2. Similar to experiment 1, in experiment 2 on each of 3 replicate days of sampling a total of 54 carcasses were obtained from a commercial processing plant after evisceration but before the final carcass washer or any antimicrobial treatment. In experiment 2, for replication 1 there were 6 control, 6 water, and 6 chlorine carcasses per treatment. For replication 2, there were 6 control, 6 water, and 6 chlorine carcasses per treatment. For replication 3, there were 9 water and 9 chlorine carcasses per treatment and no control carcasses were sampled. The decision to delete the untreated controls in experiment 2 replication 3 was based on the overall low recovery prevalence for Salmonella in the previous replications of only 27%. The 6 carcasses deleted from the untreated controls were placed into the water-drenched (3 carcasses) and the chlorine-drenched (3 carcasses) treatment groups. For both the water-drenched and the chlorine-drenched treatment groups, the sample size for each replicate in each experiment was the same resulting in a total n = 47 for each treatment group. The procedures for shaking the carcasses, collecting aliquots, and performing the bacteriological analyses remained the same.
Microbiological Analysis
E. coli, Coliforms, and Aerobic Bacteria. The 50 mL of buffered peptone water rinsate collected for each individual carcass from WCR was tested for APC, E. coli, and TC. Serial dilutions were performed for these analyses in 0.1% buffered peptone water and plated onto the specific selective media. For APC, 0.1 mL of the dilution was plated onto plate count agar (PCA; Becton Dickinson, Sparks, MD) for total aerobes and was also incubated at 35°C for 24 h and visible cfu were counted and the number of bacteria were reported as log 10 cfu/mL of rinsate. For E. coli/coliforms, 1 mL of the dilution was plated onto 3M Petrifilm (3M Medical Products Group, St. Paul, MN), spread, and incubated at 35°C for 24 h according to the manufacturer's instructions. The blue colonies closely associated with entrapped gas were counted as E. coli, and both blue colonies and red colonies were counted as TC and the number reported as log 10 cfu/mL of rinsate.
Salmonella. After 24 h of incubation, the bagged whole carcasses with BPW were removed from the incubator and shaken vigorously for 10 to 15 s before aseptic sample retrieval of 10 mL of solution from each bag for analysis. Recovery of Salmonella in this study was measured by positive confirmation of isolates obtained after growth and isolation on selective media. Salmonella methodologies were performed using the procedures described by Simmons et al. (2003a) . The procedure involved transferring 0.5 mL of the incubated BPW into 10 mL of tetrathionate broth Hajna (3M Medical Products Group) and an additional 0.1 to 10 mL of Rappaport-Vassiliadis R10 broth (Acumedia, Lansing, MI). These broths were then incubated at 42°C for 24 h. A 0.1-mL portion from each of these 2 broths was spread plated onto brilliant green sulfur agar (Acumedia) and double modified lysine iron agar (oxoid Ltd., Basingstoke, Hampshire, UK), and the plates were incubated for 24 h at 37°C. Presumptive colonies were selected and stabbed into the bottom and streaked onto slants of triple sugar iron and lysine iron agar (Acumedia), which were then incubated at 37°C for 24 h. Growth from these slants were streaked on nutrient agar to enable single colony purity and then subjected to Salmonella Poly o and Poly H antibody assays (Acumedia). Determination of Salmonella serogroups was not conducted.
Statistical Analysis
Means separation for E. coli, coliforms, and aerobic bacteria counts were performed using Tukey's method (SAS Institute Inc., 2001) . Salmonella prevalence was analyzed using the chi-squared test for independence and Fisher's exact test. For all analyses, significance was determined at P < 0.05. Table 1 summarizes the residual free chlorine levels measured from the drench solution remaining in the bags after the carcasses were drenched for 1 min. For all 6 replications of the entire experiment, the residual free chlorine levels were below 10 mg/kg. Therefore, at chlorine levels <10 mg/kg after 1 min carcass exposure and at 4°C temperature (Klaiber et al., 2005) , the potential for induction of detectable levels trichloromethane would have been minimal. For experiment 1 the mean residual free chlorine level was 4.3 mg/kg, which was less than the mean level measured in experiment 2 of 8.2 mg/kg. The initial chlorine drench pH in experiment 1 was 10 and in experiment 2 the initial pH was lowered to neutral 7.0. Regardless of the initial pH, both residual chlorine levels were extremely low when taking into account that the original solution contained 500 mg/kg before drenching. Chlorine rapidly reacts with organic and inorganic materials in chiller water, which leads to a depletion of free chlorine (Tsai et al., 1992; Beuchat and Ryu, 1997) . Red water (recirculated water from the first chiller tank) in a commercial plant has previously been shown to have only 5 mg/kg of free chlorine although chiller make-up water may contain 50 mg/kg of free chlorine (Demirok et al., 2013) . In an uncovered beaker containing 100 mL of tap water (nonagitated) held in an iced-water bath at 2°C the initial free chlorine level of 50 mg/kg of chlorine was rapidly reduced by one-third to 34 mg/kg within 1 min (Yang et al., 2001) . When commercial chiller water (8 h) was placed in the beaker in place of the tap water, the initial 50 mg/kg of chlorine level was reduced to <0 mg/kg within 1 min (Yang et al., 2001 ). Northcutt et al. (2008) collected water samples in a commercial processing plant near the inlets and outlets for each of 3 chill tanks in series and reported free chlorine levels of 0.87 to 2.73 mg/kg from the initial make-up water containing 20 to 50 mg/kg of total chlorine. In this work an initial level of 500 mg/kg of chlorine was reduced to approximately 6 mg/kg (99% reduction) after drenching a single whole carcass in 500 mL for 1 min. The organic load quickly reduced the free chlorine available to interact with any carcass surface bacteria. Commercial immersion chillers for broilers overflow a minimum of 0.5 gal (1.89 L) of water per bird with a constant addition of water containing chlorine at 50 mg/kg. Northcutt et. al. (2006) demonstrated that with an 8-fold larger chiller water volume (16.8 vs. 2.1 L/kg of carcass weight) per carcass, more bacteria were removed from the carcass during chilling but the concentration of bacteria/mL of chill water was equivalent. They concluded that the minor bacteriological carcass reduction may not be economically beneficial to the commercial poultry industry. Table 2 summarizes the mean log 10 cfu/mL for APC, E. coli, and TC. When comparing control carcasses to water-drenched carcasses, APC, E. coli, and TC were significantly reduced in experiment 2 (P = 0.0042 for APC, P < 0.0001) for both E. coli and TC and overall (P = 0.0057 for APC, P = 0.0007 for E. coli, P < 0.0001 for TC), but no significant reductions were detected in experiment 1. For experiment 1 (replications 1, 2, and 3), the 500 mg/kg of chlorine drench significantly reduced the levels of APC, E. coli, and TC (P < 0.0001 for APC, P = 0.0082 for E. coli, P = 0.0092 for TC). The APC counts were 3.8 log 10 cfu/mL following the chlorine drench treatment compared with 5.2 for the water treatment. This resulted in an additional reduction of 1.4 log 10 cfu/mL from the exposure to the 500 mg/kg of chlorine treatment. In addition, E. coli counts were reduced by 0.9 log 10 cfu/mL and TC reduced 0.8 log 10 cfu/mL following the 500 mg/ kg of chlorine drench treatment. In experiment 2, a significant reduction was only observed for APC (P = 0.0431) from the exposure to the 500 mg/kg of chlorine treatment. The APC counts were 3.8 log 10 cfu/mL for the chlorine treatment compared with 4.3 log 10 cfu/mL for the control, a 0.5 log 10 cfu/mL reduction in aerobic bacteria. The E. coli counts were reduced by only 0.1 log 10 cfu/mL and TC counts were reduced by 0.1 log 10 cfu/mL from the exposure to the 500 mg/kg of chlorine treatment. Unexpectedly in experiment 1, the APC recovery levels for the water drenched carcasses were 0.9 log 10 cfu/mL higher, the E. coli levels were 1.5 log 10 cfu/mL higher, and the TC levels were 1.3 log 10 cfu/mL higher than in experiment 2. For the chlorinedrenched carcasses in experiment 2, the APC levels were 0.1 log 10 cfu/mL lower, E. coli recovery levels were 0.7 log 10 cfu/mL lower, and the TC levels were 0.6 log 10 cfu/mL lower than in experiment 1. Sanders and Blackshear (1971) noted a similar circumstance, "on the one day when the reduction due to unchlorinated washing was not statistically significant, the prewashing counts were the lowest of all runs made."
RESULTS AND DISCUSSION
In previous work where carcasses were washed in an inside-outside bird washer with 3 L of 50 mg/kg of chlorine for 5 s, levels of APC (4.4 log 10 cfu/mL) and E. coli (3.8 log 10 cfu/mL) were not significantly reduced in comparison with control carcasses washed in tap water . In other work, APC was significantly reduced following an inside-outside bird washer for 5 s spray of 50 mg/kg of chlorine at 80 psi in comparison with tap water (1.5 to 1.0 log 10 cfu/mL; Hinton et al., 2007) . Carcasses washed with 245 mg/ kg of chlorine in a commercial processing plant had significantly lower coliform counts than those carcasses washed without added chlorine, but the reduction was not greater than that obtained from carcasses washed with 60 mg/kg of chlorine (Sanders and Blackshear, 1971) . The significant reduction of APC, E. coli, and TC in only experiment 1 may have been due to the higher pH (10) of the drench water. When the pH of the drench water was adjusted to 7, there was no longer a significant count reduction for any of the bacteria tested.
The Salmonella prevalence results for the 125 (31 for control and 47 per treatment) carcasses tested are presented by sampling replication and totaled in Table 3 . For experiment 1, the pH of the chlorine drench solution was not adjusted (pH = 10.0, which is an unfavorable pH for Salmonella growth; Cotterill, 1968; Kinner and Moats, 1981) and 42% of carcasses in both the chlorine-and water-drenched treatments remained positive for Salmonella compared with 32% for the control group. When the pH of the chlorine solution was adjusted in experiment 2 to 7.0, there remained no significant difference in the percentage of Salmonella-positive carcasses between the control (25%) or treatment groups (29% for water and 33% chlorine drenched). overall, there was no significant difference (P > 0.05) in the percentage of Salmonella-positive carcasses for either control or treatments with 29% of control, 38% of water, and 36% of chlorine-drenched carcasses positive for Salmonella using WCE. For the entire experiment, 35% (44 carcasses) of the 125 carcasses tested were Salmonella positive. Whole carcass enrichment is a very sensitive sampling method that can yield a positive Salmonella result when as few as an estimated initial 8 Salmonella cells are present on the carcass (Cox and Blankenship, 1975) . Since development, whole carcass or part enrichment methods have been used for the detection of low levels of Salmonella below the levels detectable by WCR (Simmons et al., 2003b; Bourassa et al., 2005; oscar et al., 2010; Cox et al., 2014) . The Salmonella results in this study are similar to work where carcasses were skin challenged with Salmonella and then spray-treated with 0 or 50 mg/kg of chlorine, which resulted in no differences in levels of Salmonella recovery (3.0 and 3.1 log 10 cfu/mL from 4.0 log 10 cfu/mL) from WCR samples . In replication 3 of experiment 1, both treatments had the same number of Salmonella-positive carcasses, which was the highest percentage of carcasses positive for Salmonella with 5 of 6 carcasses at 83% for each treatment. Replication 2 had the lowest percentage of positive carcasses with only 1 of 10 carcasses at 10% positive in the water treatment. Differences of Salmonella recovery between replications were likely due to the particular flock being sampled and processed that day. The lack of significant differences between the water and 500 mg/kg of chlorine drench treatment groups was likely due to the rapid reaction and depletion of free chlorine with contact with the organic matter from the carcass. Berrang et al. (2011) in a commercial processing plant used a postdefeathered carcass dip (10 s at pH 6) that contained 83 mg/kg (range 70 to 90) of total chlorine, which resulted in a mean free chlorine concentration of only 2 mg/kg (range 1.3 to 2.2) and reported no effect on E. coli or Campylobacter levels recovered but a reduction in Salmonella prevalence by 10 to 36% from 53 to 60% following defeathering using WCR sampling. Nassar et al. (1997) challenged carcass skin with Salmonella and then immersed carcasses in 200 mg/kg of chlorine for 15 min at 25°C and reported 30% remained positive using cotton swabs of skin (3/10 samples). Jaquette et al. (1996) used free chlorine level of 100 to 1,000 mg/kg for 10 min on Salmonella inoculated (10 2-3 cfu/g) alfalfa seeds and reported progressive reduction to 290 mg/kg but no further significant reduction at 1,000 mg/kg of chlorine. However, at lower challenge levels (10 1-2 cfu Salmonella/g) alfalfa seeds exposed for only 5 min at 2,040 mg/kg of chlorine has Salmonella levels reduced to below the level of detection (<1 cfu/g).
Similarly, Beuchat and Ryu (1997) immersed alfalfa sprouts in 200, 500, or 2,000 mg/kg of chlorine for 2 min and achieved 1 log cfu/g at 200 mg/kg, 2 log cfu/g reduction at 500 mg/kg, and more than 7 log cfu/g at 2,000 mg/kg. However, in the same experiments the increased reductions with increase chlorine concentration did not occur for cantaloupe cubes compared with water (only 1/2 log cfu/g). They theorized that components in the cantaloupe juice rapidly neutralize the free chlorine, rendering it unavailable to kill Salmonella, which has also been reported for other fruit and vegetable tissue components (Lund, 1983) . In addition, the inability of hypochlorous acid to contact bacterial cells located in cracks, creases, crevices, pockets, and natural openings in the skin of fruit and vegetables contributes to the overall lack of effectiveness of chlorines, which would also apply to the skin of poultry. Surface-active agents such as detergents and ethanol lessen the hydrophobicity of fruit and vegetable skins as well as the surfaces of edible leaves, stems, and flowers, but also tend to cause deterioration of sensory qualities (Adams et al., 1989; Zhang and Farber, 1996) . Disinfectants that enable bacterial cell contact without adversely affecting sensory characteristics would hold greater potential in reducing bacterial populations on the surface of raw fruits, vegetables, and poultry skin.
overall in these experiments it was determined that a high 500 mg/kg initial concentration of free chlorine drench of broiler carcasses was able to reduce APC, E. coli, and TC recovery when the pH was not adjusted (pH 10) when sampled by WCR. When the pH was adjusted to 7.0 (and control APC, E. coli, and TC counts were lower), only APC was significantly reduced following drenching. However, a high (500 mg/kg) initial concentration of free chlorine drench of broiler carcasses for 1 min had no effect on carcass Salmonella recovery when whole carcass enrichment sampling was used. The results of this study demonstrate the importance of maintaining and replenishing free chlorine for optimal antimicrobial activity. 
